Splenic lymphocytes from rabbits immunized with herpes simplex virus (HSV) were incubated in vitro with ultraviolet light-inactivated HSV, and the degree of lymphocyte transformation was determined by measurement of the incorporation of [3Hjthymidine into acid-insoluble material. Lymphocytes from immunized rabbits were stimulated as much as 30-fold, whereas lymphocytes from control rabbits were unaffected. Lymphocyte sensitization occurred within 3 days after immunization; sensitized lymphocytes could still be detected 120 days after immunization. The antigenicity of the ultraviolet light-inactivated crude virus pool was found to reside primarily in the virion. Infectious virus, in comparison with inactivated virus, produced less lymphocyte stimulation. Studies on the interaction of the humoral and cellular immune responses showed that incubation of anti-HSV antibody with HSV antigens did not reduce the capacity of the viral antigens to stimulate sensitized lymphocytes. Other experiments revealed that lymphocytes from both the spleen and peripheral blood of animals immunized with vaccinia virus could be stimulated by vaccinia, but not by HSV. Conversely, lymphocytes from animals immunized with HSV could not be stimulated by vaccinia. The transformation of sensitized lymphocytes by viral antigens appears to be a simple, highly specific, and quantitative in vitro technique for the study of the cellular immune response to viral infections.
Cell-mediated immunity is thought to be an important factor in the defense against certain viral infections (1), but its precise role has been difficult to assess because of the lack of a simple in vitro assay. A number of in vitro systems, however, have been developed and are widely used for the study of the cellular immune response to nonviral antigens (2, 3) . Recently, studies from several laboratories suggest that lymphocytes from specifically immunized animals will respond to viral antigens in vitro, as measured by blastogenesis, migration inhibitory factor production, and cytotoxicity (4) (5) (6) (7) (8) (9) (10) (11) . There is, however, little if any quantitative information on the preparation and nature of the viral antigens, the time of appearance and magnitude of the immune response, and the specificity of the reaction. The present report on virusinduced lymphocyte stimulation describes a simple and quantitative in vitro system for the study of the cellular immune response to viral antigens, and provides some information on the factors and conditions involved in viruslymphocyte interaction.
Abbreviations: HSV, herpes simplex virus; PBS, phosphate-buffered saline; PFU, plaque-forming units. * were grown and assayed in primary rabbit kidney cells (12, 13) . The stock pools of crude HSV and vaccinia contained 7.5 X 107 plaque-forming units (PFU)/ml and 4.0 X 106 PFU/ml, respectively. Partially purified virus was prepared by centrifuging the stock virus pools at 78,500 X g for 60 min in a Beckman model L ultracentrifuge. The supernatant fluid was used as the source of soluble viral antigens; the viral pellet was suspended in phosphate-buffered saline (PBS, 0.02 M, pH 7.2), centrifuged at 78,500 X g for 60 min, and then resuspended in PBS to one-half of the original volume. The titers of the partially purified pools of HSV and vaccinia were 1.5 X 108 PFU/ml and 7.5 X 106 PFU/ml, respectively. Density-gradient purified virus was prepared by centrifugation of partially purified virus at 100,000 X g for 90 min on a 10-30% sucrose density gradient.
Immunization Procedures. 6-to 8-week-old male New Zealand White rabbits, were immunized with partially purified virus by the intravenous route (1.0 ml), the intradermal route (0.5 ml), or the corneal route (12 The ability of HSV to stimulate sensitized splenic lymphocytes is illustrated in Table 1 . HSV antigens, conditioned medium, and cell homogenate were incubated with lymphocytes from both immunized and control animals. It can be seen that HSV induced a 10-fold stimulation of lymphocytes from immunized animals, but had no effect on lymphocytes from control animals. Cell homogenate had no stimulatory effect on lymphocytes from either group.
The next set of experiments was designed to study the conditions required to produce optimal stimulation of sensitized lymphocytes in vitro. Fig. 1 shows that lymphocyte stimulation could be detected within 24 hr after addition of viral antigens, reached a maximum at 72 hr, and declined over the next 48 hr. Other experiments showed that the degree of stimulation and time of maximal stimulation were dependent on the number of cells in culture. When the number of cells was reduced from 4.0 X 106 to 1.0 X 10s, maximum stimulation was not observed until 120 hr after addition of viral antigens.
The data in Fig. 2 show that the degree of lymphocyte stimulation is directly dependent upon the concentration of viral antigens. Undiluted HSV antigens (equivalent to 7.5 X 106 PFU before UV-inactivation) produced a 10-fold stimulation of sensitized lymphocytes, whereas a 1/8 dilution To determine whether soluble viral antigens or the virion was responsible for lymphocyte stimulation, partially purified virus, density gradient-purified virus, and soluble viral antigens were incubated with sensitized lymphocytes. The soluble viral antigens produced a 2-fold stimulation, whereas the partially purified virus and density gradient-purified virus produced 13-and 26-fold stimulation, respectively.
To compare the ability of infectious and noninfectious virus to stimulate lymphocytes, cells from immunized and unimmunized animals were incubated with infectious virus, UV-inactivated virus, or conditioned medium. The data in Table 2 show that infectious virus was about 50% less effective in stimulating lymphocytes than UV-inactivated virus. The depressive effect of infectious virus on lymphocytes from unimmunized animals was even more marked. These findings show that infectious virus can depress DNA synthesis; however, in the case of the sensitized lymphocytes, the degree of stimulation produced by viral antigens is apparently greater than the depressive effect produced by the infectious virus. The course of development of the cellular immune response after immunization is illustrated in Fig. 3 . Rabbits were immunized with HSV or cell homogenate by the combined intravenous and intradermal routes. At various times thereafter, spleen cell cultures were prepared and incubated with HSV antigens or conditioned medium. A 5.5-fold stimulation could be detected within 5 days after immunization, and an 11-fold stimulation was observed at 7 days. At 15 days, the stimulation ratio had decreased to 4, and the lymphocytes remained responsive (2-to 4-fold above controls) for as long as 120 days. In comparison to the intravenous and intradermal routes, immunization by the corneal route resulted in maximal stimulation (20-to 30-fold above controls) at 13-20 days after immunization, and at 40 days, the stimulation ratio was still 11-fold above controls.
Stimulation of sensitized lymphocytes by vaccinia virus
That lymphocyte stimulation can be used to study the cellular immune response to viruses other than HSV is illustrated in Table 3 . Peripheral blood leukocytes, obtained from rabbits 2 weeks after immunization with vaccinia virus, were incubated with UV-inactivated vaccinia (equivalent to 4.0 X 105 PFU before UV-inactivation), cell that a toxic factor or inhibitor might in part account for these results. Other experiments designed for determination of the factors and conditions required to produce maximal stimulation of lymphocytes in vitro, revealed that the stimulation ratio was highest at 72 hr after incubation with vaccinia, and that the degree of stimulation was directly related to the concentration of antigen. As in the case of HSV, virionassociated, rather than soluble, antigens were found to be responsible for the majority of the stimulation. The time course of the cellular immune response to vaccinia is illustrated in Fig. 4 . Rabbits were immunized with vaccinia, and at various intervals spleen cells or peripheral blood leukocytes were obtained and incubated with UV-inactivated virus or conditioned medium. Maximum stimulation occurred between 11 and 14 days after immunization and declined rapidly over the next several days. The fact that vaccinia stimulates peripheral leukocytes and that these cells can be obtained without sacrificing the animal suggests that in vitro stimulation of peripheral leukocytes might be a convenient technique for measurement of the cellular immune response to other viral infections.
Specificity of lymphocyte stimulation by viral antigens
To study the specificity of lymphocyte stimulation by viral antigens, spleen cells obtained from animals that had been immunized with HSV or vaccinia were incubated in vitro with viral antigens or conditioned medium. The data in Table 4 show that lymphocytes from HSV-immunized animals were stimulated only by HSV antigens, while lymphocytes from vaccinia-immunized animals were stimulated only by vaccinia antigens. stimulation. UV-inactivated HSV was incubated with serial 2-fold dilutions of rabbit anti-HSV serum or normal rabbit serum for 90 min at 37°. Portions from each reaction mixture then were added to sensitized lymphocytes and the degree of stimulation was determined. The ability of the anti-viral antibody to neutralize 106.0 PFU of infectious virus was determined in a separate experiment. Fig. 5 There are several mechanisms by which cell-mediated immunity might defend the host against viral infections. Sensitized lymphocytes might react with and destroy virusinfected cells by processes similar to those involved in the cell-mediated destruction of tumors and grafts. Moreover, the release of lymphotoxin, migration inhibitory factor, chemotactic factors, interferon, and other biological mediators from stimulated lymphocytes might contribute, at least in part, to the inhibition of viral replication and the destruction of virus-infected cells (1) . Recent studies have shown that the humoral immune response of the host also can result in the destruction of virus-infected cells through the interaction of anti-viral antibody and complement with virus-induced cell surface antigens (24) . Whether the attachment of sublytic concentrations of anti-viral antibody and complement to the surface of infected cells can accelerate the phagocytosis of these cells by activated macrophages, or can block the action of sensitized lymphocytes, remains to be investigated.
In conclusion, the in vitro lymphocyte stimulation technique should make it possible to assess the cellular immune response to viral antigens in various viral infections, to look for selective defects in cellular immunity to viral antigens in specific disease states, to study the release of biological mediators from sensitized lymphocytes after stimulation with viral antigens, and to study the relationship between the cellular and humoral immune responses in viral infections.
